Lecture #4 


- Resource Management, Part 2 
- Assignment Operators 

e Basic Linked Lists 

- Insertion, deletion, destruction, traversals, etc. 
- Advanced Linked Lists 
- Tail Pointers 

- Doubly-linked Lists 


> Appendix: For on-your-own study (optional) 
- Linked Lists with Dummy Nodes 


Assignment Operators... 
What's the big picture? 


Just as we need a special copy constructor function to 
create a new class variable from an existing one... 


joey jan 


void constructJoeFromJan() || void reassignJoeToJan() 
{ { 
PiNerd jan(5); PiNerd joe(3), jan(5); 


PiNerd joe(jan); joe = jan; 


We often need to create a special assignment function to 
correctly change an existing variable’s value to another 
existing variable. It's called automatically when we use =. 


The Assignment Operator 


int main () 


{ 
Circ x(1,2,3); 


int main () 


{ 


Cire. foo(1,2,3):; 
Circ bar(4,5,6); 
— 


= foo: 


#2 


bar 


When we create a new variable (y) from an 

existing one (x) as on line #1, C++ calls the copy 

constructor function (if one is defined) 

In contrast, if we change an existing variable’s 

value (bar) by setting it to another existing 

variable (foo) as on line #2 C++ calls a different 

function called an assignment operator (if one 

exists) to copy the data 

If you don't write your own assignment operator 

function, then when you do an assignment like: 
bar = foo; 

C++ will “shallow copy" all of the data, byte for 

byte, to the new variable 


class Circ 
{ 
public: 
Circ(float x, float y, float r) 


= x; my = y; m_rad = r; 


void setMeEqualTo(const Circ &src) 


m x src.m x; 
m y src.m_y; 
m rad = src.m rad; 


} 


float GetArea () 
{ 


return (3.14159*m_rad*m_rad) ; 


} 


private: 
float m_x, m_y, m_rad; 


i: 


Let's define a method called 
setMeEqualTo that sets the current 
Circle variable equal to the Circle 
variable that's passed in. 

The code below: 
bar.setMeEqual(foo); 

copies the parameter's (foo) values 
(x, y and rad) into the target variable 
(bar). 

This is essentially what a simple 
assignment operator does, but we've 
cheated on the syntax. 


int main () 


Cire “£00(1,2,3) ; 
Circ bar(4,5,6); 


bar .setMeEqualTo (foo) ; 
// same as bar = foo; 


The Assignment Operator 


class Circ 


{ 
public: 
Circ(float x, float y, float r) 


e Ok, here's a nearly complete 
assignment operator with the proper 
syntax. It's still missing one thing (an 
alias check). We'll see that soon. 


{ 
mx = x; my = y; m_rad = r; 
} 
Circ &o0perator= (const Circ &src) 
{ 
m x = src.m x; 
my = sre.m y; 
m rad = src.m rad; 


return *this; 


Float GetArea () 
{ 


return (3.14159*m_rad*m_rad) ; 


} 


private: 


float m_x, m_y, m_rad; 


If you define this method, it 
overrides the = operator so when you 
set: 

circlea = circleb; 
it will call this function instead of 
just shallow-copying the data byte by 
byte. 
You must always make the parameter 
to the assignment operator a const 
reference (const Circ &). 
The return type of the assignment 
operator must always be a reference 
to the class's type (e.g., Circ &) AND 
the function must always: 

return * this; 
We'll see why in a few slides. 
The body of the assignment operator 
copies over the values from the 
parameter to the target variable. 


The Assignment 
Operator 


class Circ 
{ 
public: 

Circ(float x, float y, float r) 


= x; my = y; m_rad = r; 


Circ &o0perator= (const Circ &src) 
Li 

m x = src.m x; 

my = sre.m y; 

m rad = src.m rad; 


return *this; 


ieee GetArea () 
{ 


return (3.14159*m_rad*m_rad) ; 
} 
private: 
float m_x, m_y, m_rad; 


int main () 


{ 


Circ f0o00(1,2,3); 


Circ bar(4,5,6); 


bar = foo; 


In this example, the 

bar = foo; 
line will implicitly result in a function 
call to bar's operator= function, 
passing in foo as the src variable. 
It's important to note that for a 
simple class like this, which has no 
pointers or dynamically-allocated 
memory, we really don't need to 
define our own assignment operator. 
We can just use C++'s built-in copy 
operation, which copies the member 
variables byte-for-byte from foo 
over the existing values in bar. 
But we'll see an example next where 
we must define an assignment 
operator to properly assign. 


The Assignment Operator 


class PiNerd 


{ 


public: 


PiNerd(int n) { 
mn =n; 
m pi = new int[n]; 
for (int j=0;j<n; j++) 


m pi[j] = getPiDigit (j); 
} 
~PiNerd() {delete []m pi;} // 


void showOff () 


{ 
for (int j=0;j<n; j++) 


cout << m pi[j] << endl; 


} 


private: 


aS 


int *m pi, mn; // #3 


// #1 


#2 


The PiNerd class is an example of a 
class where we do need to define an 
assignment operator (and a copy 
constructor) if we want to do 
assignments. 

Why? Because its member variables 
hold pointers to dynamically allocated 
data (allocated/freed with newad 
delete). See lines #1 and #2. 

In general, any time a class has a 
member variable/pointer to some 
shared system resource (like a file or 
network connection), you'll also need 
an assignment operator. 

If you notice a class has a pointer 
member variable like on line #3, 
there's a pretty good chance you'll 
need an assignment operator (and a 
copy constructor). 


: 00000800 
The Assignment Operator on 00000804 


Glass PiNerd 4 |00000808 
T pctore bengap 00000900 
PiNerd (int n) { 00000904 
mn =n; __4 |00000908 

m pi = new int[n]; 1 | 00000912 


for (int j=0;j<n;j++) 
m pi[j] = getPiDigit (j); 


00000800 
00000804 
00000808 


00000900 

00000904 

for (int j=0;j<n;j++) | 4 |00000908 
cout << m_pi[j] << endl; 


} | ot | 00000912 


} 
~PiNerd() {delete []m_pi;} 


After 


void showOff () 
{ 


private: e In this example, we haven't defined an assignment operator. Because 
int *m pi, m n; PiNerd uses dynamic allocation, that will cause a problem. 
}; T e In the before diagram, we see the variables ann and ben before we 
perform a shallow copy with: ben = ann; Everything is fine. 
int main () e Inthe after diagram, we see the ann and ben variables after C++ has 
{ shallow copied ann's member variables into the ben variable. 
PiNerd ann(3); e We have two problems after this: 
e Ben and ann now both point to the same array at location 800. 
PiNerd ben(4); When one of the two variables is destructed, it will free the 
memory that the other is using at 800 as well! That's bad! 
hen a: din: e Ben's old array, which was at 900, is lost - no variable currently 
} points at it anymore, so our ben variable has lost track of it. 


¢ This will result in a memory leak. 


Assignment Operator 


For such classes, you must define 
your own asignment operator! 


Here's how it works for 
ben = ann: 


Free any memory currently held 
by the target variable (ben). 

Determine how much memory is ann] 00000800 
used by the source variable (ann). ee 000804 
Allocate the same amount of m_pi 00000808 
memory in the target variable. 


Copy the contents of the source beni, 00000900 
variable to the target variable. mae 000904 
Return a reference to the target = 00000908 


variable. 


00000912 
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The Assignment Operator 


class PiNerd 
{ 
public: e Here's a mostly-complete assignment 
PiNerd(int n) { ... } operator for the PiNerd class (it still 
~PiNerd(){ delete[]m pi; } doesn't handle aliasing). 
e #1: Frees the array of the target 
// assignment operator: PiNerd. 
PiNerd Soperator=(const PiNerd &src) e #2: Copies the size of the array 
{ over, so the target array's size will 
delete [] mpi; // #1 be the same as the src array's size. 
mn = src.m n; // #2 e #3: Allocates a new array for the 
m pi = new int[m_n]; // #3 target variable that's the same size 
for (int j=0;j<m_n;j++) // #4 as the source array. 
m pi[j] = sre.m_pi[j]; e #4: The loop copies the values over 
return *this; // #5 from the original array to the target 
} array. 
void showOff() { ... } e Finally, the line #5 returns the 
target object (we'll see why soon) 
private: 
int *m_pi, m_n; 
}; 


Before ben = ann; After line #1 After lines #2 and #3 After loop #4 


0800 3} 0800 f 3 Ci 3 |0800 

ann ann ann 0800 ann 
mn E J osoa "p 1] osoa "R È] os04 mn i] 0804 
m_pi Se 0808 aog [Ca] 0808 amod [4 | osos m_pi Ot [4] 0808 
“ay og "BH enpa [J 0700 beni 0700 

; 4 F 

9 i ; 704 ; 0704 
m_pi See 0908 m_pi m_pi — Ae mpi ra | 0708 


0912 


11 


The Assignment Operator 


class PiNerd 


{ e When we reach the final line of the main function, 
Poet, both our ann and ben variables “go out of scope” and 

Se ee their destructors are called. 

PANELA delere im pi} e Because both variables point to their own unique 
array (ann to 800, and ben to 700), when each 
destructor runs it deletes only the array held by 
that variable. 


{ e So everything works as planned. 
delete [] m_pi; // #1 


m n = src.m n; // #2 
m pi = new int[m_n]; // #3 
for (int j=0;j<m_n;j++) // #4 
m pi[j] = src.m pi[j]; 
return *this; 
} 
void showOff() { ... } 


// assignment operator: 
PiNerd &operator=(const PiNerd &src) 


private: 
int *m_pi, m_n; 


[Pe 


int main () 


{ 


PiNerd ann(3) ; ann m n 3| 0800 


: 1 |o804 
PiNerd ben (4); m_pi B00 | a | 0808 


ben = ann; benim 0700 
ee mpi 0704 
m | 4 |0708 


} // ann's d'tor called, then ben's 


The Assignment Operator 


Question: Why do we have return *this at the end of the 


tim 
{ 


class Gassy 


I 


Gassy &operator= (const Gassy &src) 
{ 
m age = src.m age; 
m_ateBeans = src.m_ateBeans; 
return *this; 


} 


m_age m ateBeansfalse] 


ted 


sam 


assignment operator function? 


Answer: So we can do multiple assignments in the 


class Gassy 


{ 


Gassy &operator= (const Gassy &src) 
{ 
m _ age = src.m age; 
m_ateBeans = src.m_ateBeans; 
return *this; 
} 


m_age ma teBeansf{qlse | 


}; 


class Gassy 


{ 
{ 


m_age = src.m_age; 
m ateBeans = src.m ateBeans; 
return *this; z 

} 

m_age m ateBeans|false 


}; 


Gassy &0perator= (const Gassy &src) 


same statement, like on line #1 below, 


C++ assigns from right to left, so ted is first 
assigned to sam, via ted.operator=(sam); 

When the assignment operator for the ted 
variable finishes, it returns *this. So it's actually 
returning a reference to the whole ted variable! 
Crazy, huh? A member function in an object 
returns the object that holds the member 
function! Mind blown. 

Then the next assignment occurs, which sets tim 
equal to what ted.operator=(sam) returned, 
which is just a reference to ted. So this then 
runs tim.operator=(ted). 

The result is that ted and tim both contain the 
same value as sam. 


int main () 

{ 
Gassy sam(5,false) ; 
Gassy ted(10,false) ; 
Gassy tim(3,true) ; 

ted = // #1 


tim = sam; 


class PiNerd 


{ 
public: 
PiNerd &0perator=(const PiNerd &src) 
{ 
delete [] m pi; // #1 
m n = src.m n; // #2 
m pi = new int[m_n]; // #3 
for (int j=0;j<m_n;j++) // #4 
m pi[j] = sre.m_pi[j]; 
return *this; 
} 
private: 
int *m pi, m n; 
}+ void £(PiNerd &x,PiNerd &y) 
{ 
x = y; // really ann = ann; |!!! 
} 


int main () 
{ 


PiNerd ann (3) ; 
f(ann,ann); // #0 


The Assignment Operator 


Before x = y; 


—" 
After line #1 
0800 
y = m_pi Sere 0808 
After line #3 


2000 
Es 
y — m_pi Hee 2008 


* Our assignment operator has one more problem 
with it - it doesn't properly handle “aliasing”. 

e Aliasing is when we use two different pointers/ 
references to access the same variable. 

e Imagine that we pass the ann variable to both 
parameters of the f() function (line #0) 

e xandy both refer to the same ann variable 

° When we run line #1, the delete command is 
supposed to free the memory in the left-hand 
variable (x). But since x and y both refer to ann, 
this actually deletes our ONLY copy of the 
array in ann! We thus deleted y's array too! 

e On line #3, we then allocate a new array, which 
of course starts with random values. 

e So after line #4, we copy random values from 
ann's array (y) to ann's array (x). Badness. 
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The Assignment Operator 
The fix: 
Our assignment operator function must check to see if a 
variable is being assigned to itself, and if so, do nothing... 


class PiNerd e The solution is to check to see if 

{ the parameter (src) has the same 
address as the target object that's 
supposed to be changed. 


PiNerd &0perator=(const PiNerd &src) We can get the target object's 


{ address with the this keyword. 
if (here == this) // #1 - If the target object has the same 
return *this; // do nothing address as its parameter (line #1) 
: then we're assigning an object to 
delete [] m_pi; itself (probably via an alias). 
mn = sre.mn,; e In this case, we don't need to do 
m pi = new int [m_n] : any assignment. 


; oe a e Instead, we just return a 
Lor AIA EO ee a reference to the target object (or 


m pi[j] = src.m pi[j]; to src - they're the same!) and exit 
return *this; our function. 


. | 
Time for your favorite game 
im 


Bhs rh lace 


> Prog Vammin 


Language “niVentpy 


> Serial killer 


Linked Lists 


MADE A LINKED LIST THAT 
S| HPWORKSe, i 


W ee 
we E 
501 GUESS YOU COULD SAY 1 KNOW 


EVERYTHING'ABOUT POINTERS | 


Linked Lists 
What's the big picture? 


An array stores items by 
reserving a fixed-size, 
gay “carrot” 1040 
contiguous block of Weleti Vela 1060 
memory up-front. 


A linked list reserves a new 
memory block for each item 
as it's added, and links blocks 
together with pointers. 


It can hold a variable number 
of items, which you access by 
following the pointers. 
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Arrays are great... But... [mmo 


int array[100}]; 


Arrays are great when you need to 
store a fixed number of items... anno 


// might have 10 items or 1M 
int array[1000000}; 


But what if you don't know how many 
items you'll have ahead of time? 


int main() 


Then you have to reserve enough 
slots for the largest possible case. 


int numItems, *ptr; 


cin >> numItems; 
ptr = new int[numI tems]: 


Even new/delete don't really help! 


And what if you need to insert a new 
item in the middle of an array? —_ 3 


We have to move every item below 


names[999999 ] 


the insertion spot down by one! names[4] | ___Frank 
And it's just as slow if we want names[999998] | Zappa K 
Sa 


to delete an item! Yuck! 
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So Arrays Aren't Always Great 


Hmm... Can we think of an approach from “real life" What can we think of that: 


that works better than a fixed-sized array? 
allows you to store an 


arbitrary number of items 
makes it fast to insert 
a new item in the middle 
makes it fast to delete 
an item from the middle 


How about organizing the items as 
we would in a Scavenger Hunt? 


Using this approach we can store 
an arbitrary number of items! 


There's no fixed limit to the number of 
chests and clues we can have! 


Clue: 


Clue: 


The first item 
is by the tree 


ili tS a et 
Terenas, 
“man 
“nanunnnnn 
LLE TELTEL 


Clue: 
The next item 


‘| is by the tower = 


The next item 
is by the house 


This is the 
last item! 


"A C++ Scavenger Hunt? 


Ok, so in our Scavenger Hunt, we had: 


A clue that leads us to our 
first treasure chest. 


Clue: 
Each chest then holds an item poten ten fs 
(e.g., toast) and a clue that — o 


leads us to the next chest. 


Clue: 


So here's the question... can we 
simulate a Scavenger Hunt with 
a C++ data structure? 


The next item | 7 
is by the house | : 


Clue: 


Why not? Let's see how. 


The next item is| 
hy the tawer 


21 


A C++ Scavenger Hunt? 


Well, we can use a C++ struct to 
represent a Chest. 


As we know, each Chest holds 
two things: 
A treasure - let's use a string variable 
to hold our treasure, e.g., “bacon”. 


The location of the next chest - let's 
represent that with a pointer variable. 


We can now define a Chest variable for 


each of the items in our scavenger hunt! nextChest) 3400 


And we can define a pointer to point to 


the very first chest - our first clue! 


struct Chest 


string treasure: , 
Chest * nextChest; 
}: 
// pointer to our 1st chest 
Chest *first; 

first 

5000: 


* 
* 
° 
+ 


treasure |“bananas" 


. 
. 
. 
t 
an, 
. 
. 


treasure 
nextChest| 1200 | 


22 struct Chest 


Linked Lists i string treasure; 


Chest * nextChest; 


e On line #1, we define three pointers, which will point to three “chests” in 
our linked list. The pointer to the top item in the linked list is traditionally 
called the “head pointer." int main() 


LA 


* On lines #2 through #4, our code allocates three chest structures using { 
the new command. By line #4, our pointers point to our new empty chests. l 
* On line #5, we set the treasure in the head Chest to be “toast” Chest *head, *second, *third; // #1 
e On line #6, we set the head's nextChest pointer so it points at the second head = new Chest: // #2 
chest (which is at address 2200 in memory). Our first chest is now “linked” second = new Chest: // #3 
to our second chest. third = new Chest; // #4 
* On lines #7 and #8, we fill in our second chest with bacon and link it to our 
third chest. first->treasure = "toast"; // #5 
e On lines #9 and #10 we fill in our third chest. Note that on line #10, we first->nextChest = second; // #6 


set the nextChest pointer to nullptr. This explicitly causes our third chest me i 

fo be our st chest e 
e On lines #11 through #13, we delete our chest structs. This does not E ý 

delete the pointers themselves, which still hold the addresses of the chest third->treasure = "eggs"; // #9 

structs. But it does free up the memory occupied by those chest structs. third->nextChest = nullptr; // #10 
e Once we've constructed our linked list (but before we've deleted it), l 

starting with just the head pointer, you can reach every element in the list delete head; // ee 

without using your any other external pointers (second and third)! delete second; // #12 
e We can follow the links in each node to the other nodes. delete third; // #13 


After lineg After iinea#4 After line #6 After line #10 After line #13 


head 
ps reasure[_ 
second a an nextChest{__] 


! iA feos — 
CJ 
esre m= 3700 
esre m= 


Linked Lists 


Ok, it's time to start using the right 
Computer Science terms. 


Instead of calling them “chests", let's 
call each item in the linked list a “Node”. 


And instead of calling the value held 
in a node treasure, let's call it “value”. 


And, instead of calling the linking pointer 
nextChest, let's call it “next”. 


Finally, there's no reason a Node only 
needs to hold a single value! 


struct Node // student node 


{ 
int studentID; 
string name; 


int phoneNumber; 
float gpa; 


Node *next: 


struct Node 
{ 


string value: 
Node * next; 


e 


int main() 


Node *head, *second, *third; 
head = new Node; 

second = new Node; 

third = new Node; 


head->value = "toast": 
head->next = second; 


second->value = "bacon"; 
second->next = third; 


third->value = "eggs"; 
third->next = nullptr; 


delete head; 
delete second; 
delete third; 


it kills what the 


Note: The delete command pointer points to! 


doesn't kill the pointer... 


value| blah | 
To allocate new nodes: next} 4000 


Node *p = new Node; 
Node *q = new Node; 


To change/access a node p's value: 
p->value = “blah”; 
cout << p->value; 


To make node p link to another node 
that's at address q: 


p->next = q; To free your nodes: 


To get the address of the node after p: E P. 
delete q; 
Node *r = p->next; 
TG GARG AOE TG GAN GORE Before we continue, here's a 
short recap on what weve 
q->next = nullptr; learned: 


Linked Lists 


Normally, we don't create our linked 
list all at once in a single function. 


After all, some linked lists hold 
millions of items! That wouldn't fit! 


Instead, we create a dedicated class 
(an ADT) to hold our linked list... 


And then add a bunch of member 
functions to add new items (one 
at a time), process the items, 
delete items, etc. 


OK, so let's see our new class. 


struct Node 
{ 


string value; 
Node * next: 


int main() 


Node *head, *second, *third; 


head = new Node; 
second = new Node; 
third = new Node; 


head->value = "toast": 
head->next = second; 


second->value = "bacon": 
second->next = third: 


third->value = "eggs"; 
third->next = nullptr; 


delete head; 
delete second; 
delete third; 


26 struct Node 


A Linked List Class! Se ce: 


Node *next: 


In the simplest type of linked list ace LinkedList 
class, the only member variable { 
we need is a head pointer. public: 


Why? Given just the head pointer, we can 
follow the links to every node in the list. 


And since we can find all the nodes, we can 
also link in new ones, delete them, etc.. 


Node *head; 
}: 


27 struct Node 


A Linked List Class! SS nd eoiae. 


Node *next: 


Alright, now what methods should our class LinkedList 
linked list class have? { 
public: 
We need a constructor to LinkedList() { ...} 


create an empty list... void addToFront(string v) { ... } 


And methods to add new items... void addToRear(string v) { ...} 
And a method to delete items... void deleteItem(string v) { ... } 
Ahdameiodtoiidi bool findItem(string v) { ... } 


an item is in the list... void printItems() { ... } 


~LinkedList() { ... 
And a method to print all the items... MABEL ISO) a 


And finally, we need a destructor 
to free all of our nodes! 


Let's consider these one at a time! 


private: 
Node *head; 
}: 


struct Node 


Linked List Constructor |‘ erring vawe: 


Node *next: 


OK, so what should our constructor do? class LinkedList 


Well, we'll want it to create an “empty” public: 
linked list - one with no items. LinkedList() 


Earlier I showed you how we marked the 


last node ina linked list... head = nullptr; 


We set its next value to nullptr. 


(Rae s" 
next ii t 


So, following this logic... 


whe 
5 
SER ç ee 


yau? 


ecs 
We can create an empty 


linked list by setting our [mpr priate 
head pointer to nullptr! a? Node *head; 


}: 
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struct Node 


Printing the Items ina Linked List | * string value; 


Node *next: 


place LinkedList 


To print the items ina linked list, we'll use a temporary pointer 
(p) to iterate through the list. 


Line #1 defines the temp pointer p. { 


public: 


Line #2 sets p's value equal to the value of the head pointer, so 
both p and head pointer point at the first node (the node with 
toast). 


Line #3 loops until p is equal to nullptr. P will be nullptr if either: void printItems() 
e The list started out empty, and the head pointer is nullptr { 
e We've processed every node in the list and just advanced p 
PAST the last node in the list. Node *p; // #1 
* In either case, when p is nullptr it means we've printed out 5 À 
all of the items in the linked list, so it's time to stop. p = head; // #2 
Line #4 prints out the value in the current node pointed to by p. . = 
Line #5 advance p to the next node, so if p points at the toast while ( P I= nullptr ) // #3 
node, p = p->next sets p to 1200, so p points at the bacon node. { 
Any time we iterate through one or more nodes like this, it's 
called a “traversal”. cout << p->value << endl; // #4 


p= p>next; // #5 


value["eggs"] 700 private: 


z * ; 
next Node *head; 


“Adding an Item to the Front ee oe 


: i . string value; 
e Lets add a new item (toast) to the front of our linked list. his oe 


* To add a new node to the front of our linked list takes 4 steps. = 
e The first step (line #1) allocates an empty node to hold our new : 3 
item that we want to add to the front of the linked list. class LinkedList 
* The second step (line #2) puts our item (toast) into the new node. | { 
e The third step (line #3) links our new node to the current head b| cee 
node of the linked list. public. 


e The fourth step (line #4) makes our head pointer point to the . . 
newly created node, so it's the first one in the list. void addToFront(string v) 
Node *p; 


e The new head node points to the old head node in the list. 

After line #2 After line #3 p = new Node; // #1 
p->value = v; // #2 
p->next = head; // #3 


head = p; // #4 


private: 
Node *head:; 
}: 


31 struct Node 


Adding an Item to the Front f string value: 


Node *next: 


OK, but will this same algorithm work A l 
if the Linked List is empty? oea nea e 


- Let's find out. Lets add a new item (toast) to the front of an public: 
oe addToFront(string v) 


empty linked list (whose head pointer value is nullptr). 
e The first step (line #1) allocates an empty node to hold our new 
item that we want to add to the front of the linked list. 
* The second step (line #2) puts our item (toast) into the new node. Node =a: 
e The third step (line #3) links our new node to the current head be N de: // #1 
node of the linked list, which right now is nullptr. So this set's our p = new Node, 
new node's next pointer to nullptr. p->value 2V: // #2 
e The fourth step (line #4) makes our head pointer point to the 
newly created node, so it's the first (and only) one in the list. 
e So the same code works whether the link list is empty or already p->next = head; // #3 


has one or more nodes. 
head = p; // #4 


After line #2 After line #3 


private: 
Node *head:; 
}: 
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Adding an Item to the Rear 


Alright, next let's look at how to append 
an item at the end of a list... 


There are actually two cases to consider: 


Case #1: 
The existing list is totally empty! 


head 


Case #2: 
The existing list has one or more nodes... 


next | nullptr| mag 


struct Node 


string value; 
Node next: 


place LinkedList 
{ 


public: 
void addToRear(string v) 
{ 


33 struct Node 


Adding an Item to the Rear string value: 


Node *next: 


Alright, let's consider Case #1 first... class LinkedList 
It's much easier! { 


public: 


head 


id addToR tri 
4 addToRear(string v) 
if (head == nullptr) 


head addToFront(v); // easy!!! 


2200 


So how do you add a new node to the end 
of an empty linked list? 


In fact, it's the same as adding a new 
node to the front of an empty linked list. 


Which we just learned two minutes ago! 


After all, in both cases we're adding a 
node right at the top of the linked list. 
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Adding an Item to the Rear 


Case #2: Here's the pseudo-code to add an item to the 
end of a list that has one or more nodes. 


Let's add “beer” to the end of our linked list. 


Step #1 uses a loop and a temp variable p to 


find the last node in the linked list. and add “beer” 


head head 
8000 8000 


p ERUR valuel"bacan"] 
next [L 3700 | 


nextLnullptr | 


In step #4, we link the current last node to 


our new node. pointer to nullptr. 


head head 
8000 8000 


In steps #2 and #3, we allocate a new node 


In step #5, we set the new node's next 


struct Node 


string value: 
Node “next; 


class LinkedList 
{ 
public: 


void addToRear(string v) 


{ 
if (head == nullptr) 
addToFront(v); // easy!!! 
else 
{ 


Use a temp variable to 
traverse to the current last 
node of the list (#1) 


Allocate a new node (#2) 


Put value v in the node (#3) 


Link the current last node to our 
new node (#4) 


Link the last node to nullptr (#5) 


35 struct Node 


Adding an Item to the Rear 
Alright, here's the C++ code for Case #2... 


Loop #1 uses p to find to the last node of the list; 
when the loop ends, p points at the last node in the list. 


head 
8000 


In steps #2 and #3, we allocate a new node 
and add “beer”. 


ad “oz _]}| 8000 head 
|8000 | 


{ 
public: 


{ 


{ 


In step #5, we set the new node's next 
pointer to nullptr. 


head 


In step #4, we link the current last node to 
our new node. 


head 


value egas" | 
next 


Note that this loop , while (p->next != nullptr), is different than the one we used to print things out: 
while (p != nullptr) 

Checking for p->next != nullptr ensures that the loop stops when p points AT the last node 

Why? Because p->next is nullptr ONLY if p points at the last node! 

In contrast, while (p != nullptr), only stops looping once p advances PAST the last node and p == nullptr. 


string value; 
Node 


*next: 


class LinkedList 


void addToRear(string v) 


if (head == nullptr) 


addToFront(v); // easy!!! 


else 


Node *p; 
p = head; // #1 


while(p->next != nullptr) // #1 
p = p->next: // #1 


Node *n = new Node; // #2 
n->value = v; // #3 


p->next = n; // #4 


n->next = nullptr; // #5 


i 


Know the risks, oo 


Not at the top, not at the bottom... 


In some cases, we wont Well, what if we have to maintain an 
always want to just add alphabetized linked list, or we want to allow the 
our node to the top or user to pick the spot to put each item? 


bottom of the list... Why? In these cases, we can't just add new items at 
the top or bottom... 


Here's the basic algorithm: 


void AddItem(string newItem) head |nullptr 


if (our list is totally empty) 
Just use our addToFront() method to add the new node value “bat” 600 


Not at the top, 


next 1000 


Here's the basic algorithm: 
void AddItem(string newItem) 


if (our list is totally empty) 
Just use our addToFront() method to add the new node 


else if (our new node belongs at the very top of the list) 
Just use our addToFront() method to add the new node 


1000 


1400 


800 


Not at the top, not at the bottom... 


head 


PL 


Here's the basic algorithm: 


1000 


void AddItem(string newItem) 


fly belongs here 
etween dog and rat. 


if (our list is totally empty) 


1400 


Just use our addToFront() method to add the new nod ae 


else if (our new node belongs at the very top of the list) daas 


Just use our addToFront() method to add the new node 


else // new node belongs somewhere in the middle of the list 


value 
next 


nullptr 


{ 
Use a traversal loop to find the node just ABOVE where 
you want to insert our new item 


Allocate and fill our new node with the item 
Link the new node into the list right after the ABOVE node 


l e 
Lets Convert it t head 1000 
void AddItem(string newItem r 
{ iis i 01400 “qt” 1000 
if (head == nullptr) value a 
AddToFront(newLtem); next 
else if ( /* decide if the new item belongs at the top */ ) value “dog” 1400 
AddToFront(newItem); latest 600. next [800 


else // new node belongs somewhere in the mi 
{ 
Node *p = head; // start with top node 


while (p->next != nullptr) 
{ 


value WAMA 600 


value “rat” 800 
next nullptr 


if (/* p points just above where I want to in 
break; // break out of the loop! 


p= p->next; // move down one node 


Node *latest = new Node; // alloc and fill our new node 
latest->value = newLtem: 
latest->next = p->next; // link new node to the node below 


p->next = latest: // link node above to our new node 


These two lines 
must be in this 
order! 
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Deleting an Item in a Linked List 


When deleting an item from a linked list, 
there are two different cases to consider: 
Case #1: You're deleting the first node. 


Case #2: You're deleting an interior 
node or the last node. 


Let's consider Case #1 first... 


Deleting the first node is special 
because it requires us to change 
the value of our “head" pointer. 
In contrast, if we wanted to 
delete any other node below the 
first one like dog or rat, we can 
leave the head pointer alone. 


wn |LOOO 


1400 


800 


struct Node 


string value; 
Node “next; 


place LinkedList 


{ 
public: 
void deleteItem(string v) 


{ 


42 struct Node 


Deleting an Item in a Linked List Soe eee 


Node *next: 


Ok, let's consider Case #1... class LinkedList 
deleting the top item ina list. 


{ 
public: 
role deleteItem(string v) 


Let's kill our cat. 


If the list's empty then return 
If the first node holds the 
item we wish to delete then 


head 1000 { 
killMe = address of top node 
killMe Update head to point to the 

second node in the list 
Delete our target node 

value Flog" 1400 Return - were done 

next | 800 

value “rat” 800 


next [nullptr 


struct Node 
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Deleting an Item in a Linked List 


e Online #1 we check to see if the item we want to delete : 
(cat) is held in the first node, pointed to by head. . . 
+ If so, we proceed with deleting the first node. See below. class LinkedList 


{ 
On line #2: killMe points at our top On line #3: We change our head ic “ n 
node that we want to delete. pointer to point to the node after pu bl IC. cat 
the killMe node. 


string value; 
Node “next; 


head1000 — ro deleteItem(string v) 
i if (head == nullptr) return; 
killMe 1000 «ilime [T000 ee f ( nullptr) return 


if (head->value == v) // #1 


value! dog 1400 


value!dog 400 


next [BO next aoo Node *killMe = head; // #2 
value"rat'|| 800 ——a 
o A E head = killMe->next; // #3 
delete killMe; // #4 
head 1400 


«ime return; 


On line #4: We delete the node pointed to by the 
killMe pointer. Note that our killMe pointer still 


Fdogl 1400 
contains a value of 1000 and still points at the same value aog 
place. But the node that was there is no longer next |80 
owned by our code. Some other part of our program 
may own this memory space now. value"rat’| 800 


next 


44 struct Node 
Deleting an Item in a Linked List string value; 
Node *next: 
e Now let's see how to delete an item from the middle or 
end of the list, e.g., “rat” 
e To the right is the pseudo-code for this. 


place LinkedList 


{ 
public: “nat! 
void deleteItem(string v) 


.. // the code we just wrote 
Use a temp pointer to traverse 
down to the node above the 

one we want to delete... 


head {1000 value "cat" 100° 
next |1400 


PETRS > 
value "dog" 1400 If we found our target node 


next | 800 t killMe = addr of target node 
Link the node above to 

800 the node below 

Delete our target node 


value 
next | 3000 


Let's kill 
this node! 


value ‘yak" 3000 
next Nullptr 


45 struct Node 


Deleting an Item in a Linked List |“ string value; 


e Here's the C++ code for deleting a middle/end node. z 
e The while loop on line #1 traverses down the linked list until it class LinkedList 

finds the node we want to delete (e.g. “rat") 
e Notice that the loop starts p pointing at the head node, but always { 


checks the node below the one p points at: ubl IC: ` 
if (p->next != nullptr && p->next->value == v) p rat" 
e If we find the target value in p->next->value, then p will point to void deleteItem(string v) 
the node just above it (at “dog” in this example) 


e When we hit line #3, we begin the deletion if p points at a valid . 
node (or abort if p is nullptr because the value wasn't found). .. // the code we Just wrote 
Node *p = head; 
above our target that p points at 


while (p != nullptr) // #1 
a line #4 we create a new o (dog) so its next pointer points to i (p P ) 
i t int at t t : 
illMe, to point at our target node the node below our target (at yak). if ( p->next l= nullptr && 


On line #5 we change the node 


ead 1000 —_ | value "cat" 1000 — ene 
ie ee break; // p pts to node above 


next 


value "dog') 1400 


next | 3000 


p = p->next; 


} 
if (p != nullptr) // #3 


name "yak"! 
— Node *killMe = p->next; // #4 
On line #6 we delete our target node. Our final result; “rat” was deleted. 
ee -> = KI > p 
head 1000—— ve ea 0° = =a p ae k Ke next; // #5 
mm “NS delete killMe; // #6 
ras Value Fdagn1400 ' 
EL ee tees 
killMe [4 rar poo kime T 
RT3000° 
name "yak" 3000 


Linked List Challenge 


Now it's your turn! 


How would you write the 
findItem() method? 


It should return true if it 
can find the passed-in item, 
and false otherwise. 


struct Node 
{ 


string value; 
Node *next: 


Ia LinkedList 
{ 


public: 
bool findItem(string v) 
{ 


private: 
Node *head; 
}: 


47 struct Node 


Destructing a Linked List eee 


e Here's the code to delete all of the nodes in a linked list. 3: ea esa 
e As you can see, it uses a simple traversal which starts by pointing : : 
pointer p at the head node (line #1) class LinkedList 
e We keep looping until p == nullptr, meaning we loop until we go { 
through each node AND past the last node. bl ee 
e During each iteration of the loop: pubic. 


e Line #1 gets a pointer to the node after the current one e . 
pointed at by p, so we don't forget where it is. LinkedList() 

e Line #2 deletes the node pointed at by p. 

- Line #3 points p at the node below the one that was just Node *p; 


p = head; // #1 


deleted, so we can continue deleting. 


On line #2 we set n so it points at 


menderen e ie ude On line #3 we delete the current 


while (p != nullptr 
that we're about to delete. node pointed at by p. { (p P ) 
head 1000 head 1000 
* — e 
K J Node *n = p->next; // #2 
p E00 fraie "eat']!000 p y Aa delete p; // #3 
n next 1400 X n o = y 
=~ 11400 — ean p =n, / 4 #4 
value "dog" vle "dog" 11400 
next | 800 next | 800 
value "rat" 800 value “rat"| 800 
next [nullptr ext |nullptr 
After line #3 On line #4, p is 
(before line #4) advanced to point to = 
our node has head 1000 the node after the one head 1000 
been deleted. J that was just deleted. 
p p 
n Aoo n 
ogi 1400 value “dog” 1400 ivate: 
value dog" g priva e. 
next 1800 next | 800" * 
i o Node *head; 
value “rat" 800 valvel rat 5 
next nulptn pt next nullptr } 


Linked Lists Aren't Perfect! 


As you can already tell, linked lists aren't perfect either! 
pP a 


First of all, they're much more 
complex than arrays!!! 


f Second, to access the kth item, I have 
to traverse down k-1 times from the 
head first! No instant access!!! 


And to add an item at the end of 
the list... I have to traverse 
through all N existing nodes first! 


Well, as it turns out, we can fix this last problem... Let's see how! 


Linked Lists and Tail Pointers 


Since we have a head pointer... head Iie 
i ee ee ee tail 800 
Why not maintain a “tail” pointer too? o 
A tail pointer is a pointer that always dee 000 
points to the last node of the list! value cat 
next |1400 
class LinkedList value Pemu’) [400 
bli next | 800 
public: 


LinkedList() {...} 
void addToFront(string v) {...} 


value "lemur" 800 


next |nullptr 


private: 
Node *head; Using the tail pointer, we can 
Node *tail; add new items to the end of our 
J 


list without traversing! 


class LinkedList 


{ 
public: 
void addToRear(string v) 


if (head == nullptr) 


Adding an Item to the Rear... With a Tail Pointer 


Here's the C++ code for adding an item to the rear of a linked list 
that uses a tail pointer. 

Note that you'll also have to update your delete() method, 
addToFront() method, etc. addToRear() is just one example. 

As before, if the linked list is empty (head == nullptr), then we call 
addToFront() to add our new node. 


Otherwise... ‘ 
On line #3: We set the current addToFront(v); 
On lines #1 and #2: We tail node's next pointer (eggs else 
allocate a new node (pointed tail->next) equal to the location 
to by n) and set its value. of our new node (n). { 
—“ mea 8000 w value o7] 8000 Node *n = new Node; // #1 


next [ 2200 | 


n->value = v; // #2 
tail->next = n:// #3 
n->next = nullptr; // #4 
tail=n; // #5 


tail 


tail 


value| "eggs" | 


next [nullptr] 


On line #4: We set our new On line #5: We change our tail 


node's next pointer to nullptr, so 
it becomes the new last node in 
the linked list. 


pointer so it points at our new 
last node (rather than point at 
the old last node “eggs"). 


head FSF] 8000 
Bog 


tail 


private: 

Node *head; 
Node *tail: 
}: 


Doubly-linked Lists 


One of the downsides with our simple linked list is that 
we can only travel in one direction... down! 


Given a pointer to a node, I can only find nodes below it! 


Wouldn't it be nice if we could move 
both directions in a linked list? 


We can! With a doubly-linked list! 


A doubly-linked list has both next and 
previous pointers in every node: 


struct Node 
{ 


string value; 


Node * next; 
Node * prev; 
}; 


Doubly-linked Lists 


And, if I like, I can have a tail pointer too! 


Now I can traverse in both directions! 


Node *p; Node *p; 
eee i head 
p = head; p = tail; 8000 
while (p != nullptr) | | while (p != nullptr) mm 
{ { tai 
cout << p->value; cout << p->value; | [3700 


p = p->next; p = p->prev, 
} 


Of course, now we're going to have to 
link up lots of additional pointers... 


But nothing comes free in life! © 
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Doubly-linked Lists: What Changes? 


Every time we insert a new node or delete an existing 
node, we must update three sets of pointers: 


1. The new node's next and previous pointers. 
2. The previous node's next pointer. 
3. The following node's previous pointer. 


Before Step #0: We 
want to insert Dave 


between Bill and Jane. Clee) 


[insert here! 


Head Ptr 


After Step #2: We've updated 
the node before (Bill) so its next 
pointer points to our new node. 


Head Ptr 
| 


Previous Following 
Node Node 


After Step #1: We've updated 
our new node's next/prev 
pointers so it points to the node 
before and after where it is to 
be inserted. 


Head Ptr 


Previous Following 
Node Node 


After Step #3: We've updated 
the node after (Jane) so its prev 
pointer points to our new node. And of course, we 
still have special 
cases if we insert or 
delete nodes at the 
top or the bottom 


of the list. 


———___ Previous Following 


Node Node 


j Linked List Cheat Sheet 


Given a pointer to a node: Node *ptr; 


NEVER access a node's data until validating its pointer: 
if (ptr != nullptr) 
cout << ptr->value; 


To advance ptr to the next node/end of the list: 
if (ptr != nullptr) Does our traversal meet this 


ptr = ptr->next: requirement? 


To see if ptr points to the last node ina list: NODE *ptr = head; 
if (ptr != nullptr && ptr->next == nullptr) while (ptr != nullptr) 
then-ptr-points-to-last-node; { 


cout << ptr->value; 
To get to the next node's data: ptr = ptr->next; 
if (ptr != nullptr && ptr->next != nullptr) } 
cout << ptr->next->value; 
To check if a pointer points to 


To get the head node's data: the first node ina list: 
if (head != nullptr) if (ptr == head) 
cout << head->value; cout << “ptr is first node"; 


To check if a list is empty: 
if (head == nullptr) 
cout << “List is empty": 
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Linked Lists vs. Arrays 


te a Winner: Array 
? 
Getti a ie linked We can get to any item in an array in 1 
Ag E Hop d a step. We have to pass thru 752 other 
list or an array? 


nodes to reach the 753" node ina list! 


Which is Faster? 
Inserting a new item at the front of a 
linked list or at the front of an array? 


Winner: Linked List 
We can insert a new item ina few 
steps! With an array, we'd have to 
shift all n items down first! 


BERE Winner: Linked List 
? i ; 

. Which is faster: . Once we've found the item we want to 
Removing ane from the middle of a delete, we can remove it in a few steps! 
linked list or the middle of an array? With an array, we'd have to shift all 

the following items up one slot! 


Which is easier to program? Winner: Array 
Which data structure will take Let's face it - arrays are easier to 
less time to program and debug? use. So only use a linked list if you 
really have to! 


Class Challenge 


Write a function called insert that accepts two NODE 


pointers as arguments: 


b4node: points to a node in a doubly-linked list 
newnode: points to a new node you want to insert 


When your function is called, it should insert newnode 
after b4node in the list, properly linking all nodes. 


(You may assume that a valid node follows b4node prior to insertion.) 


struct NODE 


string data; 
NODE *next, *prev; 
}: 


newnode 


Data |Dave 


Next 


Prev 


HEAD PTR 
| 


b4node / | 
DATA[ Bill | DATA[ Carey J| DATA[ Jim |] 


PREV [nullptr]| PREV[, |] | 


PREV [ | 


exists 


Appendix: On Your Own Study 


> Linked Lists with Dummy Nodes! 


struct Node 


Linked Lists with a Dummy Node 


string value; 
Node “next; 


class LinkedList 


So far, every linked list we've seen 
has had a head pointer. 

public: 

LinkedList() { ... } 

void addToFront(string v) { ... } 

We can simplify things by replacing void addToRear(string v) { ... } 
our header pointer with a dummy node! void deleteItem(string v) { ...} 
bool findItem(string v) { ... } 
void printItems() { ... } 
~LinkedList() { ... } 


But as we've seen this causes 
complications... 


e need different soca to 
eae /delete at the top.. 


head 1000 


value “cat” or 


next 140 


value "dog" 
next | 800 


800 | k Sa DNode *head; 


“ iT] 
value rat 
=o nullat 


struct Node 
{ 


Linked Lists with a Dummy Node 


string value; 
Node “next; 


Step #1: i l l 
Get rid of your head pointer! d LinkedList 
Step #2: public: 
Add a node member variable to LinkedList() { ...} 
your class. Call it dummy. void addToFront(string v) { ... } 


void addToRear(string v) { ... } 
void deleteItem(string v) { ... } 
bool findItem(string v) { ... } 
void printItems() { ... } 
~LinkedList() { ... } 


wm (L400 


800 E Ora Node dummy; 


“ Ut 
value rat 
= o s Inillnteh 


struct Node 
{ 


Linked Lists with a Dummy Node 


string value; 
Node “next; 


Step #1: ° l ; 
Get rid of your head pointer! cuss LinkedList 
Step #2: public: 
Add a node member variable to LinkedList() 
your class. Call it dummy. 
l Set dummy.next to nullptr 
Step #3: Initialize node's value 


Update your member functions 
to use the dummy node. 


(Generally, this involves removing 
code that deals with the head pointer 
from your member functions!) 


private: 
A Node dummy; 


struct Node 


"Linked Lists with a Dummy Node 


string value; 
Node *next: 


Step #1: ! 
Get rid of your head pointer! cuss LinkedList 
Step #2: public: 
Add a node member variable to void deleteItem(string v) 


your class. Call it dummy. 
If the list is empty, return! 


Step #3: in the first node 
Update your member functions 
to use the dummy node. 


(Generally, this involves removing code that deals with 
the head pointer from your member functions!) 
Find the node above the one 


you want to delete 


Why does this work? Relink above node to the node 
Since every node in your list is GUARANTEED below the to-delete node 
to have a parent node (either the dummy or Delete the target node 
another valid node), it let's you treat every } 
node the same way and eliminate special-case 
code for dealing with the head pointer. private: 


Node dummy; 


